Co-crystal and salt formation of the kinetin analogue N 6 -benzyladenine with the pharmaceutically acceptable co-crystal and salt formers maleic acid, oxalic acid, glutaric acid, succinic acid, benzoic acid and fumaric acid has been studied by solid-state and solvent-drop grinding in combination with X-ray powder diffraction. In all cases salt or co-crystal formation was observed. Single crystals of (bzadeH + )(mal -) (1) and (bzadeH + )2(ox 2-) (2) were obtained by solution crystallization and the X-ray structures are reported along with that of (adeH + )2(mal -)2 . ade . 2H2O (3) (bzadeH + = N 6 -benzyladeninium, adeH + = adeninium, ade = adenine, mal -= hydrogen maleate, ox 2-= oxalate). The hydrogen-bonding motifs in 1 -3 are discussed. The salts contain a robust bzadeH + -carboxylate or ade-carboxylate R2 2 (9) heterosynthon involving the protonated Hoogsteen sites (N6-H, N7-H) of bzadeH + and ade. Molecular recognition between the protonated Hoogsteen site and the carboxylate group stabilizes the unusual 7H,9H tautomer of bzadeH + in 2 and the non-canonical 7H-adenine tautomer in 3.
INTRODUCTION
N 6 -substituted derivatives of the nucleobase adenine exhibit diverse biological activities. They function as plant growth stimulants and have antiallergenic, antibacterial, antiviral and antifungal properties. 1-3 N 6 -furfurylaminopurine (kinetin) is a representative of naturally occurring adenine-type cytokinins, a class of plant growth factors that can also act as inhibitors of certain human protein kinases. 4, 5 Some kinetin analogues such as olomoucine 6, 7 and roscovitine 8 selectively inhibit cyclindependent kinases, which play an essential role in the regulation of the cell division cycle, 6, 9 and therefore are potent anticancer agents. Roscovitine, for example, has entered clinical trials for the treatment of non-small cell lung cancer and leukemia.
Furthermore, nucleobases have recently been recognized as versatile and flexible supramolecular building blocks. 10 Their propensity to self-assemble via hydrogen bonding interactions or metal coordination into larger aggregates has led to a plethora of supramolecular structures, often with intriguing architectures. More recently, more and more structures are emerging where a nucleobase interacts with a complementary small organic molecule to give a hydrogen-bonded network. [10] [11] [12] Adenine and its derivatives possess both hydrogen bond acceptor and donor functionalities as well as protonatable nitrogens. Furthermore, adenine can exist in different tautomeric forms with the most stable one being the 9H-amino tautomer ( Figure 1 ). [13] [14] [15] Protonation of the 9H-tautomer usually takes place at the N1 nitrogen. 11, [16] [17] [18] [19] [20] By contrast, while N 6 -benzyladenine 21 and kinetin 22 crystallize in the expected 9H-tautomeric form, the N3-protonated 7H-tautomer ( Figure 1 ) was observed in the crystal structures of their bromide, chloride and dihydrogenphosphate salts. [23] [24] [25] [26] In recent years the influence of hydrogen bonding interactions and molecular recognition on tautomeric and protonation equilibria has received growing interest and a few examples have been reported in the literature, where a noncanonical nucleobase tautomer is stabilized by a properly positioned H bond acceptor. [27] [28] [29] Salt and co-crystal formation are popular approaches to optimize the physicochemical properties of a pharmaceutically relevant solid without modifying the molecule itself. [30] [31] [32] It is well-established that the solid-state properties of a pharmaceutical solid have a significant impact on drug performance. In many cases, solubility is a key issue. High yields, product purity and reproducibility make salt formation a particularly attractive strategy to address poor solubility.
All of the above prompted us to explore hydrogen bonding patterns in supramolecular structures derived from N 6 -benzyladenine as model for pharmaceutically relevant N 6 -substituted adenine derivatives and carboxylic acids that are pharmaceutically acceptable salt or co-crystal formers. Here we report the X-ray structures of two N 6 -benzyladeninium carboxylates, hydrogen maleate and oxalate, featuring different H bonding networks and different tautomers of the N 6 -benzyladeninium cation. To study the influence of the benzyl substituent, co-crystallization experiments have also been carried out with adenine leading to crystals containing both adenine and adeninium cations, with the latter ones in their expected 1H,9H tautomeric form, while the former one exists as 7H-tautomer. Furthermore, we show that the supramolecular networks of benzyladeninium cations and carboxylate anions can be synthesized by solid-state and liquid-assisted grinding. The preparation of salts and co-crystals by solidstate grinding, i.e. by grinding together the two solid components with a mortar and pestle or in a mixer mill, is an attractive alternative method to solution crystallization. [33] [34] [35] [36] [37] [38] [39] In liquid-assisted grinding, a few drops of solvent are added to the dry mixture to catalyze or mediate co-crystal or salt formation. [40] [41] [42] Besides its 'green' nature in that there is no waste of crystallization solvent, solid-state grinding allows for nearly quantitative yields with a common particle size while solubility problems are avoided. 
MATERIALS AND METHODS
N 6 -Benzyladenine and adenine were purchased from Sigma Aldrich. Solvents were of analytical or spectroscopic grade, purchased from commercial sources and used without further purification.
FT-IR spectra were recorded on a PerkinElmer FT-IR spectrometer fitted with a DATR 1 bounce Diamond/ZnSe Universal ATR sampling accessory. Elemental analyses (carbon, hydrogen and nitrogen)
were performed with a PerkinElmer 2400 Series II analyser. Crystal Structure Determination and Refinement. Crystal data for 1 -3 were collected at room temperature on an OxfordDiffraction Xcalibur CCD diffractometer using graphite-monochromated Mo-K radiation (= 0.71069 Å). 44 The structures were solved by direct methods and subsequent Fourier syntheses and refined by full-matrix least squares on F 2 using SHELXS-97, 45 SHELXL-97 45 and
Oscail. 43 The scattering factors were those given in the SHELXL program. Hydrogen atoms were located in the difference Fourier maps and refined isotropically. Graphics were produced with ORTEX. 43 Crystallographic data and details of refinement are reported in Table 2 . accepted that salts will be obtained, when the difference between the pKa values of the base and the acid, pKa, is > 3, while a pKa < 0 will lead to a co-crystal. For 0 < pKa < 3, co-crystals, salts or mixed ionization complexes can result. 46 The pKa1 and pKa2 values of oxalic and maleic acid are 1.2 and 4.2 47 and 1.9 and 6.9, 48 respectively. For bzade a pKa value of 3.9 has been reported 49 so that the difference between the pKa values of bzade and the first pKa value of maleic and oxalic acid fall in the overlap range where salt or co-crystal formation is not predictable (pKa = 2.0 and 2.7, respectively). Singlecrystal X-ray analysis of 1 and 2 clearly revealed that proton transfer from the carboxylic acid to bzade had taken place with maleic acid forming the monoanion and oxalic acid forming the dianion.
RESULTS

Solid-State and
Considering the second pKa value of oxalic acid, formation of the salt of the dianion is not necessarily expected, although the pKa value of -0.3 is close to the overlap region.
To ensure that the single-crystal structures determined for 1 and 2 are representative for the bulk composition of the crystalline materials, theoretical powder patterns were generated form the single crystal data. In both cases, the simulated powder pattern matches with that measured for the isolated crystalline sample (Supporting Information, Figures S5 and S6) . Furthermore, the XRPD patterns of the isolated crystals of 1 and 2 were found to be identical to patterns Figure 4b shows the hydrogen bonding motif in 1. Hydrogen bond distances and angles are listed in 21 and N 6 -benzyladenine hydrobromide. 23 In all cases the N 6 substituent adopts a distal conformation and N (1) does not participate in hydrogen bonding. Further extension of the supramolecular structure reveals C-
H ... O hydrogen bonds between C(2)-H and C(8)-H of the purine and C=O of the hydrogen maleate
anion, leading to a R2 1 (8) ring formation. (4) 3.063 (5) 3.110 (5) 2.486 (4) 174 (3) 167 (3) 164 (4) 138 (3) 130 (3) 167 (5) a symmetry operation: #1: -x,2-y,-z; #2: 1+x,2+y,z; #3: -x-1,-y,-z
Crystal Structure of (bzadeH + )2(ox 2-) (2). X-ray analysis of 2 revealed a 2:1 stoichiometry of bzadeH + cations and oxalate dianions assembled into an infinite 2D H bonded network. Geometric parameters of the hydrogen bonding interactions are presented in Table 4 . In contrast to 1, the bzadeH + cation in 2 has hydrogens at N(7) and N(9) which have been found in the difference Fourier map. The crystallization of the unusual 7H,9H-tautomer is further corroborated by the bond angles of the endocyclic nitrogens. The C(5)-N(7)-C(8) angle is almost 4° larger than in neutral bzade (107.6(1) vs. (2) 0.92 (2) 0.92 (2) 0.97 (2) 1.99 (2) 1.66 (2) 1.79 (2) 2.37 (2) 2.523 (2) 2.89 (2) 2.628 (2) 2.685 (2) 2.865 (2) 3.449 (2) 174 (2) 169 (2) 167 (2) 114 (1) 159 (1) H bonding interactions between adeninium cations, adenine and hydrogen maleate are displayed in Figure 6 and Table 5 . (4) 1.14 (4) 2.08 (3) 1.88 (4) 1.69 (4) 2.06 (4) 1.69 (4) 2.02 (4) 1.68 (3) 2.02(4)
103.9(2)° 21 ), while the C(4)-N(9)-C(8), C(2)-N(3)-C(4) and C(2)-N(1)-C(
1.88 (4) 1.56 (4) 1.67(3)
1.90 (3) 1.90 (5) 2.18(5) 1.12 (4) 1.33 (4) 3.05 (4) 2.841 (4) 2.720 (4) 3.018 (5) 2.741 (4) 2.868 (5) 2.738 (4) 2.931 (4) 2.872 (5) 2.708 (4) 2.665 (4) 2.767 (4) 2.829 (4) 2.991(5) 2.434 (4) 2.447 (4) 171 (2) 168 (3) 175 (3) 177.5 (9) 178 (1) 155 (3) 174 (2) 161 (3) 176 (3) 175 (3) 175 (4) 170 (3) 166 (3) 164 (6) 166 (3) 166 ( The most notable structural features of the adeninium and benzyladeninium carboxylates described above are the presence of the non-canonical 7H-adenine tautomer in 3 and the unusual 7H,9H-tautomer of the benzyladeninium cation in 2. Several theoretical and experimental studies have shown that the 9H-amino form is the most stable tautomer of adenine in the gas-phase and in aqueous solution. [55] [56] [57] However, while the energy difference between 9H-adenine and the minor 7H-tautomer is 7 -8 kcal mol -1 in the gas-phase, the energy gap becomes significantly smaller, when electrostatic interactions with polar solvent molecules are included due to the larger dipole moment of 7H-adenine. 17, 58 Consequently, both tautomers co-exist in water. 58 It is also well-documented that metal coordination to the N (9) cation. This is in contrast to the canonical 9H-tautomer where both the N(3),N(9) edge and the Hoogsteen site act as donor and acceptor sites (Scheme 1).
To the best of our knowledge, the existence of the 7H,9H-tautomer in 2 is unprecedented in solidstate structures of N 6 -benzyladeninium salts. There is only one example for a crystal structure with an N 6 -substituted adenine derivative protonated at N(7) and N(9), N 6 -decyladeninium chloride. 61 A building block found in all three supramolecular structures is the R2 2 (9) heterosynthon based on double H bonds between a protonated Hoogsteen site and a carboxylate group. Besides the R2 2 (9) heterosynthon, 1 contains an R2 2 (8) 
